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ABSTRACT 
 
With the goal of incorporating bio-crude oil production and bio-waste treatment, an 
innovative Environmental-Enhancing Energy (E2-Energy) process was used during which 
mixed-cultured algal biomass from wastewater treatment system (AW) were converted into bio-
crude oils. This study assesses the feasibility of converting AW, which was directly harvested 
from the wastewater environments, into bio-crude oil.  The products distribution as well as their 
composition, reaction pathways and nutrient recovery via hydrothermal liquefaction (HTL) were 
investigated. HTL was conducted at temperatures scan of 260 to 320 ˚C between 0 to 1.5 hour 
retention time at 0.7 MPa N2 initial pressures. The highest bio-crude oil yield, 49 %, produced 
from AW (based on dry volatile matter) was obtained at 300 ˚C with 1 hour retention time, 
which also had the highest energy recovery ratio. The highest higher heating value (HHV) is 
30.4 MJ/kg, occurred at 320 °C for 1 hour. Yet, the energy recoveries indicate 320 °C with 1 hour 
is an unfavorable reaction condition. Elemental analysis revealed that the decarboxylation and 
denitrification may be dominant at 260 to 300 °C following repolymerization governing at higher 
temperature; endured retention time may lead to decomposition of the bio-crude oil. TG analysis 
showed that approximately 60 % distilled bio-crude products were in the range of 200-550 °C.  
These distillates can be further upgraded for transportation fuels. We also found that there were 
4-5 MJ/kg in the solid residue and TG analysis suggested that solid residue could be used as 
asphalt and roofing materials. GC-MS results indicated that the bio-crude oil contains a large 
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portion of hydrocarbons, cyclic hydrocarbons and fatty acids while the aqueous phase product is 
rich in organic acids and cyclic amine derivatives. It is potential to apply the aqueous product to 
pharmaceutical synthesis or algae/microorganism culture. Reaction pathways concerning the 
conversion of various major bio-molecules along with reaction temperature and kinetic factor 
were elucidated. The lowest nitrogen recovery (NR) and the highest energy recovery (ER) 
distributed into bio-crude oil are about 9.54 % and 47.6 % respectively. Compared to previous 
similar studies resulting in NR to bio-crude oil about 25-70%, the NR to bio-crude oil presented 
in this work has been the lowest value so far as we know.  
With the goal of improving the bio-crude oil yields converted from AW, which contains 
relatively abundant of ash, 25%, 50% and 75% swine manure (SW) were added into AW as a co-
liquefaction system with 25 % solids content in a 100 ml batch reactor. Reaction was operated at 
300 ˚C with 1 hour. By combining 75% SW with 25 % AW, the bio-crude oil yield could be 
improved by about 9.2 % and the highest bio-crude oil yield (35.7 %, based on dry matter of 
feedstock) was achieved; by mixing 50% SW plus 50% AW, the highest HHV (27.35 MJ/kg) 
was accomplished and the H/C and O/C atomic ratios of the bio-crude oil could be improved to 
closer in nature to heavy crude oil. 
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CHAPTER 1. INTRODUCTION 
1.1. BACKGROUND 
Algae is viewed as a more favorite  biomass to produce bioenergy products for the next 
generation because their higher photosynthetic efficiency and lower crop-land demand, 
compared to other terrestrial plants (Tsukahara & Sawayama, 2005).  Algae can grow in water 
body and marginal lands, which can avoid competing arable lands with other food crops and the 
impact on biodiversity. Currently, most of the algae-to-biofuel research focuses on algae species 
with high lipid content for biodiesel extraction (Yu et al., 2011b).  Yet, low lipid content algae 
species typically have much higher biomass productivity than high lipid content algae species. 
Low lipid content algae species can sustain in stress condition such as waste water or nutrient 
deprivation environment, which also provides the possibility to help mitigate environmental 
pollution such as eutrophication (Chen et al., 2002; Sheehan et al., 1998). Coupling the 
bioenergy production with wastewater treatment from low lipid content algae species, which we 
refer to as Environmental-Enhancing Energy (E2-Energy, Figure 1.1), can uptake nutrients in 
wastewater and  re-release most of the nutrients after HTL to support multiple cycles of algae 
growth as well as bio-crude oil production. 
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Figure 1.1 A schematic Environmental-Enhancing Energy road map 
 
In a hydrothermal liquefaction (HTL) process, macromolecules in the biomass are firstly 
depolymerized into light molecules and then the unstable fractions of chemicals repolymerized 
into oil compounds (Demirbaş, 2001). HTL is more suitable for treating wet feedstocks 
compared to conventional thermochemical conversion processes such as pyrolysis and 
gasification.  The wet feedstock can be directly treated without drying process and meanwhile 
high-density energy biofuel products can be generated through HTL. When reaction  temperature 
reaches 240° C in the HTL reaction, bio-crude oil products began to form as a  self-separated 
bitumen-like/asphalt-like products (Yu et al., 2011a). However, below the temperature of 240°C, 
either the bioenergy products appeared to be extremely viscous or the feedstocks did not 
completely react.  Retention time is another important factor on the formation of bio-crude oil. 
For lignocelluloses feedstock, it may take at least ten minutes to break the cellulosic structure 
while swine manure may require at least fifteen minutes to form asphalt-like products (Zhang, 
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2010). In the case of algal biomass, it may need at least ten minutes to form the mature self-
separated liquefaction products. As the holding time extended, the bio-crude oil yields didn't 
increase significantly, indicating the long retention time may be not an essential factor for the 
bio-crude oil formation. Yet, it is observed that the repolymerization may occur when retention 
time lasted for around 1 hour and thus bio-crude oil yields were enhanced at that point (Zhichao 
Wang, 2009). 
 
1.2. OBJECTIVES 
It was demonstrated that low lipid algae species can be efficiently converted into bio-
crude oil via HTL (Vardon et al., 2011; Yu et al., 2011a).  To achieve the goal of positive energy 
output, it is suggested to couple the waste treatment with the bioenergy production (Clarens et al., 
2010; Minarick et al., 2011). This study intends to examine the feasibility of using mixed-
cultured algal biomass from wastewater treatment system (AW), combining various species of 
microalgae, macroalgae, bacteria and other microorganisms harvested directly from systems 
designed for wastewater treatment, as the HTL feedstock. This study specifically focuses on the 
temperature range from 260 °C to 320 °C with the retention time extending from 0 to 1.5 hours. 
Effects of the reaction temperature and retention time on the liquefaction products yields as well 
as the composition of the liquefaction products are analyzed. Characterization including 
elemental analysis, GC-MS, and TGA for the liquefaction products is applied to examine the 
nutrients recovery, physiochemical properties and possible reaction pathways for bio-crude oil 
formation. 
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CHAPTER 2. LITERATURE REVIEW 
2.1. HYDROTHERMAL LIQUEFACTION (HTL) PROCESS 
Hydrothermal liquefaction (HTL) is the most appropriate thermochemical conversion 
(TCC) approaches for converting wet biomass such as swine manure, sewage sludge and algae. 
Figure 2.1 illustrates three major TCC methods (pyrolysis, gasification and HTL) for converting 
biomass into bio-energy products. HTL, also called hydrous pyrolysis, is generally carried out at 
temperature of lower than 400 ˚C with 10-25 MPa pressure (Toor et al., 2011; Zhang, 2010). 
Unlike biological treatment such as anaerobic digestion, HTL converts feedstock into crude oil 
products, instead of valuable gases or alcohols. Therefore, the end products of HTL typically 
have much higher energy content than those from other TCC approaches.  
 
Figure 2.1 Thermochemical conversion approaches for transforming biomass into bio-
energy products [adapted from (Peterson et al., 2008)] 
Pyrolysis
(Subcritical Fluid)
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Water is an important reactant and catalyst in HTL process. As the reaction condition 
approaches the critical point of water, several properties of water are drastically changed and 
thus water is able to bring about fast, homogeneous and efficient reactions (Calvo & Vallejo, 
2002; Narayan et al., 2005; Savage, 2009). Several crucial properties involving organic reactions 
in water medium are listed in table 2.1.  
 
Table 2.1 Properties of water at various conditions (Broell et al., 1999; Krammer & Vogel, 
2000) 
 
Notably, table 2.1 displays that subcritical water behaves differently not only from water 
at room temperature but also from supercritical water in some aspects (Toor et al., 2011). For 
example, the dielectric constant decreased as the temperature and pressure increased, which 
gives rise to increase the solubility of hydrophobic organic compounds, such as free fatty acids 
(Holliday et al., 1997; Narayan et al., 2005). Another example is the ionic product of water (Kw). 
The ionic product of water is relatively high in the subcritical range, which reveals that acid- or 
base-catalyzed reactions, including  biomass hydrolysis, can be accelerated in this region (Hunter 
& Savage, 2004; Savage, 2009). Meanwhile, the density of water reduces nearly two orders of 
magnitude without any phase change in the region near its critical point, which means water is 
highly compressible at this condition. The change of the density of water also correlates with 
other macroscopic properties to reflect changes at the molecular level, such as solvation power, 
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degree of hydrogen bonding, polarity, molecular diffusivity and viscosity (Peterson et al., 2008). 
Figure 2.2 shows a concrete instance that how water properties affect the spontaneity of organic 
reactions.  
 
Figure 2.2 Benzene solubility in high-pressure water (Connolly, 1966). Noticeably, the 
solubility of benzene is greatly enhanced at 295 °C with 20 MPa, indicating the phases can 
be completely miscible beyond this point 
 
Nevertheless, since HTL requires relatively severe operation conditions, industrial 
application of this process encounter many challenges and hence most work on HTL is applied to 
bench scale and limited to the lab usage. Yet, there are a few similar pilot/demonstration 
techniques such as hydrothermal upgrading (HTU®), catalytic liquefaction (CatLiq®) and 
thermo-depolymerization (TDP process) (Baskis, 1993; Bouvier et al., 1988; Goudnaan et al., 
2008). Additionally, the SlurryCarb ™ process transforms sewage sludge into a solid 
carbonaceous fuel while Pittsburgh Energy Research Center (PERC-Process) exploits organic 
solvents, rather than water, as liquefaction media (Bolin, 2001; Bouvier et al., 1988).  
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HTL may have two pathways to treat biomass: (1) direct conversion of biomass or (2) 
pretreatment/deploymerization of biomass and then fermentation (Zhang, 2010). For those wet 
biomass with less lignocellulosic content, such as animal manure, waste stream from food 
processing and algae, direct HTL conversion is usually applied (Dong et al., 2009; He et al., 
2000a; Yu et al., 2011b). On the contrary, HTL can be employed to pretreat the cellulose-rich 
feedstock, shortening the fermentation time of lignocelluloses materials (Guo et al., 2013). This 
work mainly focuses on converting algal biomass into bio-crude oil via HTL.  
 
2.2. CONVERTING ALGAL BIOMASS INTO BIO-CRUDE OIL  
 With high growth rate and high carbon dioxide fixation ability compared to terrestrial 
plants, algal biomass has recently received increasing attention as an energy crop (Tsukahara & 
Sawayama, 2005). Furthermore, more geological research tends to believe that petroleum is 
transformed from diatoms (algae) and deceased creatures (Qin et al., 2008); HTL could be a 
good vehicle to convert algal biomass into bio-crude oil, mimicking the mother nature’s oil 
production process.  
 Generally, algae have relative abundant proteins and some also contain considerable 
amount of lipids. At first, microalgae with rich lipid content were used as HTL feedstock: Dote 
converted  Botryococcus  branunii into bio-crude oil via HTL and found out the bio-crude oil 
yield was higher than the original oil content residing the algal biomass (Dote et al., 1994). This 
reveals that in addition to lipid content, non-lipid fraction could contribute to the bio-crude oil 
yield as well. This work also implies that converting algal biomass into bio-crude oil via HTL 
does not require high lipid algae species, unlike algal-to-biodiesel approach (Peterson et al., 
 8 
2008). Other algal species with high biomass productivities could also serve as an appropriate 
HTL feedstock.  
 Several HTL parameters such as reaction temperature, holding time, initial pressure, 
processing gas and reaction solvent were adjusted to enhance the microalgal-based bio-crude oil 
yield or improve the bio-crude oil quality (Duan & Savage, 2010; Yu et al., 2011b; Zhang et al., 
2013b; Zou et al., 2010) . Catalysts such as sodium carbonate, Pd/Al2O3, Raney-Ni, Fe(CO)5-S, 
Ru3[CO]12 and Mo[CO]6 were added to the HTL system but they seem to have insignificant 
impact either on the bio-crude oil yields or bio-crude oil quality (Ikenaga et al., 2001; Matsui et 
al., 1997; Minowa et al., 1995; Yu, 2012). Among all the HTL parameters, reaction temperature 
and retention time appears to be the two dominant factors regarding the bio-crude oil yield as 
well as bio-crude oil quality. 
   Macroalgae were also used as HTL feedstock due to their fast-growing rates and large 
quantity of biomass. However, unlike microalgae, macroalgae usually contains high ash contents 
and less lipid and protein.  Previous studies regarding the seasonal variation in the chemical 
composition of marine macroalgae found that the mean value of ash content could be as high as 
56.5 % based on dry weight algal biomass; neither lipid nor protein content could reach 13% 
(Adams et al., 2011; Renaud & Luong-Van, 2007).  Thus, in the past 15 years, microalgae were 
exclusively studied rather than macroalgae.  
  Given the perspective of life cycle assessment, however, algae production appeared to 
have higher environmental impacts than other conventional biomass such as switchgrass and 
corn in terms of energy use, greenhouse gas emissions and water regardless the cultivation 
location of algae (Table 2.2). In order to reduce the large environmental footprint of algae 
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cultivation, it is suggested to use flue gas or wastewater to offset the environmental burdens 
associated with algae (Clarens et al., 2010).  
 
Table 2.2 Five life cycle burdens for production of one functional unit of energy (317 GJ) 
algae, corn, canola and switchgrass in Virginia [Adapted from (Clarens et al., 2010)] 
Energy 
biomass 
Land (ha) Energy (MJ) Greenhouse gas 
(kg CO2 equiv.) 
Water (m3) Eutrophication 
(kg PO4- equiv.) 
Algae 0.4 3.0 × 105 1.8 × 104 1.2 × 105 3.3 
Corn 1.3 3.8 × 104 -2.6 × 104 8.2 × 103 26 
Canola 2.0 7.0 × 104 -1.6 × 104 1.0 × 104 28 
Switchgrass 1.7 2.9 × 104 -2.4 × 104 5.7 × 103 6.1 
 
  In the past two years, the couple system of integrating waste water treatment along with 
algal biomass production thus was spotlighted. An example is Enhancing-Environmental Energy 
(E2-Energy), which can not only accomplish a positive energy flux on bio-energy production but 
also reuse the nutrients in post-HTL stream for algae cultivation (Yu et al., 2011a; Zhou et al., 
2011). Roberts, Fortier et al. also exploited waste water to culture algae and proved that the 
waste-fed algae can be an appropriate HTL feedstock (Roberts et al., 2013). Nevertheless, so far, 
most similar studies were exclusively focused on waste-fed algae, instead of algal biomass 
directly harvested from wastewater. For further scale-up of E2-Energy system, it is necessary to 
examine the feasibility of using mixed-cultured algal biomass from wastewater treatment system 
(AW), which includes both microalgae and macroalgae, as HTL feedstock. The attention of this 
study would primarily focus on the algal biomass directly harvested from wastewater.  
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2.3. POSSIBLE REACTION PATHWAYS OF HTL 
Biomass includes a wide range of materials with various compositions. The major 
biomass compositions can be grouped as lipids, proteins, cellulose, hemicellulose, lignin and 
carbohydrates. Though seemingly many different feedstocks have been transformed into bio-
crude oil via HTL, the reaction mechanism of HTL is still not clear. Yet, it is typically believed 
that there are three basic HTL reaction pathways: (1) depolymerization of various biomolecules 
(2) decomposition of different biomass monomers by cleavage, decarboxylation or deamination 
(3) recombination and repolymerization of reactive compounds (Demirbaş, 2000; Peterson et al., 
2008; Toor et al., 2011; Zhang, 2010). Figure 2.3 illustrates a general reaction pathway during a 
HTL process.    
 
Figure 2.3 Simplified pathway of hydrothermal liquefaction of biomass (Yin et al., 2010) 
 
To know more molecular information about HTL mechanism, model compounds such as 
albumin, butter, starch and glucose were used (Biller & Ross, 2011; Wang, 2011). It is found that 
lipid usually have something to do with straight hydrocarbons such as alkanes and alkenes. 
Proteins may experience either deamination or decarboxylation. Amines, amides, ammonia and 
carbon dioxide are all possible associated products. It is believed that lignocellulosic materials 
are first hydrolyzed and then decomposed during the HTL process. Figure 2.4 shows the 
hydrolysis pathways of lignocelluloses biomass (GUO, 2012).  
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Figure 2.4 Hydrolysis pathways of lignocellulosic materials 
  
 Lignocellulosic materials are typically more complicated than protein-based or lipid-
based materials. In general, lignocelluloses refer to cellulose, hemicelluloses and lignin. 
However, it is found that these three components degraded at different temperature during a HTL 
process (Liu et al., 2013; Peterson et al., 2008). Figure 2.5 illustrates how cellulose, 
hemicelluloses and lignin changed as the temperature increased under a hot compress water 
environments (Liu et al., 2013). Yet, lignin and cellulose appears to highly correlate to the solid 
residue yields (Minowa et al., 1998). 
 12 
 
Figure 2.5  Reaction mechanism of lignocelluloses material (Liu et al., 2013) 
  
Simultaneously, the monomers of various biomoleculars can have inter-reactions. For 
example, amino acids may react with reduced glucose and then produce melonoidins (Peterson et 
al., 2008). When reaction medium is changed from water to ethanol, the inter-reaction still exists 
(Zhang et al., 2013a). Wang illustrated reaction pathways regarding all the major inter-reactions 
during a typical HTL test by using both model compounds and real feedstock. Figure 2.6 
displays a potential HTL mechanism of swine manure (Wang, 2011).  
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 Figure 2.6 Potential HTL reaction pathways of swine manure (Wang, 2011)  
 
Various algal feedstocks including microalgae, macroalgae and mixed-cultured algae 
were grouped by principle components analysis. Figure 2.7 demonstrates that the dominant 
components of algal biomass are protein, crude fat, hemi-cellulose, cellulose and non-fibrous 
carbohydrate. As a result, the following discussion mainly focuses on reaction pathways 
associated with these five biomolecules.  
 14 
 
Figure 2.7 PCA bi-plot for 8 algae samples characterized by the content of lipids, proteins, 
hemicelluloses, celluloses, lignin, non-fiber carbohydrates and ash content [Adapted from 
(Yu, 2012)]. First and second principal components cover 59.69 and 19.42 % of the total 
variance, respectively.  
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CHAPTER 3. EXPERIMENTAL METHODS 
3.1. FEEDSTOCKS 
 The raw materials, mixed-cultured algal biomass from wastewater treatment system 
(AW), were obtained from One Water Inc. AW were directly harvested in the waste water and 
contains various species of algae, bacteria and microorganisms. The other raw materials, swine 
manure (SW), were collected from grower-finisher pen floors at the Swine Research Center in 
the University of Illinois at Urbana-Champaign. The pens facilitated with a partially slotted floor 
for manure collection. The two types of raw materials were both evenly pulverized with a 
commercial blender (MX 1000XT, Waring commercial Inc., Torrington, Connecticut, U.S.A.) 
and then stored in a refrigerator below 4 °C before the HTL tests. The dry solid contents as well 
as the ash contents of AW and swine manure were measured as the dry residue at 105 °C and the 
combustion residue at 550 ˚C, respectively. Elemental analysis of the raw materials and HTL 
products was performed with a CHN analyzer (CE-440, Exeter Analytical Inc., North 
Chelmsford, MA). Other macromolecules along with the chemical compositions were analyzed 
according to the standard methods of the Association of Official Analytical Chemists (AOAC). 
Detailed chemical composition and elemental composition of AW are summarized in Table 3.1. 
The forage analysis including the wt% of crude fat, crude protein, neutral detergent fiber (NDF), 
acid detergent fiber (ADF) and lignin of swine manure is listed in Table 3.2 according to Wang’s 
previous work (Wang, 2011) since swine manure was thoroughly investigated in several previous 
studies (Dong et al., 2009; He et al., 2000a; Vardon et al., 2011; Wang, 2011) and was found 
stable on these compositions. 
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Table 3.2 Proximate analysis of swine manure (wt% dry basis) 
 
3.2. HTL EXPERIMENTS 
The HTL experiments were performed according to previously reported method (Wang, 
2011; Yu et al., 2011b), using a stainless steel cylinder reactor of 100 ml capacity with a 
magnetic drive stirrer and moveable vessel (Model 4593, Parr Instrument Co., Moline, IL) in a 
batch mode. Reaction temperatures were operated from 260 °C to 320 °C with retention time 
extended from 0 hour to 1.5 hours. For co-liquefaction experiments, the optimum reaction 
condition, resulting the maximum bio-crude oil yield of AW, was applied. 30 g slurry AW 
feedstock containing 25 % total solid content by weight was inputted into the reactor for each 
HTL test. Dry AW combined with various ratios of SW were mixed with tap water to make a 
slurry feedstock containing 25% total solid content by weight for each co-liquefaction test. The 
Table 3.1 Proximate analysis of waste water algae (wt % dry basis)  
Chemical Composition      
VSa Ash Crude Fat Crude Protein NDF b ADF c Lignin  
52.3 47.5 1.70 27.2 45.1 20.1 5.72  
Elemental Composition      
C H N S Na K Ca Fe Mg Od 
27.9 3.01 3.90 0.41 0.20 0.36 16.5 0.0093 0.37 17.7 
a
 Volatile solid content.  
b Neutral Detergent Fiber. 
c
 Acid Detergent Fiber. 
d
 O (wt%)=100-(ash+C+H+N). 
 
    
Chemical Composition      
VSe Ashe Crude Fatf Crude Proteinf NDF f ADF f Ligninf  
83.7 16.3 20.3 23.1 32.6 8.25 3.41  
Elemental Composition      
Ce He Ne Od      
41.1 5.42 3.36 33.8      
e
 Measured in this work.  
f Adopted from Wang’s work (Wang, 2011). 
d
 O (wt%)=100-(ash+C+H+N) (wt%). 
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reactor was subsequently sealed and purged with nitrogen for 3 times to exclude the residual air. 
Next, nitrogen gas was again added to the reactor to build up to 0.69 MPa gauge pressure inside 
the reactor to avoid water boiling during the experiments. Initial pressure and temperature were 
then recorded. The reactors were heated to the desired temperature for different retention time. 
After the reaction, the reactors were rapidly cooled down to room temperature in 30 minutes by 
flowing tap water through the cooling coil located outside the reactor. The final pressure and 
temperature were recorded as well as the gas products were carefully released and collected 
through a control valve.  
 
3.3. ANALYSIS OF PRODUCTS 
When the reactor reached the room temperature, the gas products were cautiously 
collected through a control valve into a Tedlar® gas sampling bag (CEL Scientific CORP., 
Cerritos, CA). The rest of the products were firstly separated by filtration with the Whatman® 
glasses paper. The aqueous portion is defined as the water soluble portion, which can pass 
through the filtration paper while the rest of the filtration cake is defined as the raw-oil. The 
moisture content of the water insoluble product was measured with a distillation apparatus based 
on ASTM Standard D95-99 (ASTM, 2004a) whereas the solid residue fraction of the raw oil 
product was determined with the Soxhlet extraction according to  ASTM Standards D473-02 
(ASTM, 2004b) and D4072-98 (ASTM, 2004c). The recovery procedure is illustrated in figure 
3.1.  
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Figure 3.1 Experimental procedure for HTL process 
 
The yields of the liquefaction products were calculated on the volatile matter basis of AW. 
Table 3.3 lists the symbols and equations used for products distribution measurement. The gas 
product yield was estimated by the ideal gas law with the initial and final temperature as well as 
pressure respectively. The gas composition was analyzed in a Varian CP-3800 Gas 
Chromatography equipped with an Alltech Hayesep D 100/120 column and a thermal 
conductivity detector (TCD). The gas composition was found to consist of approximately 75% 
N2 and 22 % CO2 and the average molecular weight (30.9) was using in the ideal gas law.  
 
 Wastewater Algae Mixtures H2O 
100 ml Batch Reactor Gas Product 
Reaction Mixtures 
Filtration 
Water Insoluble 
Moisture Measurement 
Raw Oil Aqueous 
Product 2 
Aqueous Product 1 
Toluene Extraction 
Aqueous Product 
Bio-crude Oil Solid Residue 
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Table 3.3 Measurement and calculation equations for various liquefaction products yields 
 
The raw oil and the solid residue were dried overnight before the elemental tests and ash 
measurement. The elemental compositions of the raw oil and solid residue were determined with 
a CE 440 elemental analyzer (Exeter Analytical, Inc., North Chelmsford, MA) for duplicate 
measurement. The ash contents of raw oil and solid residue were measured as the combustion 
residue at 550 ˚C. The composition of oxygen was calculated by the equation O (dry wt.%) = 
100- (ash+C+H+N) (wt%). The elemental composition and the ash content of the bio-crude oil 
product were calculated by the difference between the fractions of raw oil and solid residue. The 
carbon and nitrogen recoveries for liquefaction products were estimated based on our previous 
work (Yu et al., 2011a). 
The higher heating value (HHV) of the bio-crude oil products was calculated by the 
equation proposed by Channiwala and Parikh (Channiwala & Parikh, 2002) based on the 
elemental composition: HHV= 0.3491 C+1.1783 H+0.1005 S-0.1034 O +0.0151 N  
+0.0211 A, where C, H, S, O, N and A are the carbon, hydrogen, sulfur, oxygen, nitrogen and 
Product Equation 
Bio-crude oil yield (V.M.) (%) WI − MWI − SR
AW
× 100 
Gas Yield (%) Based on the Ideal Gas equation 
Solid residue yield (%) SR − F × Ash
AW
× 100 
Aqueous product yield (%) AW − G − Solid residue − Biocrude oil
AW
× 100 
Measurement Symbol 
Dry volatile matter of mixed-cultured algal biomass 
from wastewater treatment system (g) 
AW 
Mass of feedstock (g) F 
Ash fraction in the dry feedstock (-) Ash 
Mass of gas products (g) G 
Mass of moisture in the water insoluble products (g) MWI 
Mass of toluene insoluble fraction in the water 
insoluble products (g) 
SR 
Mass of water insoluble products (g) WI 
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ash mass percentages of the material on a dry matter basis. The energy recovery was defined as 
the HHV of the bio-crude oil divided by the HHV of AW. 
The chemical compositions of the bio-crude oils and aqueous products were analyzed 
using GC-MS (7890A, Agilent Technologies, Santa Clara, CA). Bio-crude oils were dissolved in 
the toluene while the aqueous samples were directly treated with GC-MS without any 
pretreatment.  2µL sample was injected in a split mode (7:1) into the GC-MS system consisted of 
an Agilent 6890 (Agilent Inc, Palo Alto, CA, USA) gas chromatograph, an Agilent 5973 mass 
selective detector and Agilent 7683B autosampler. Gas chromatography was performed on a 15 
m ZB-FFAP column with 0.25 mm inner diameter (I.D.) and 0.25 µm film thickness 
(Phenomenex, Torrance, CA, USA) with an injection temperature of 250 °C, MSD transfer line 
of 250°C, and the ion source adjusted to 230 °C. The helium carrier gas was set at a constant 
flow rate of 1.6 ml min-1. The temperature program was 5-min at 500C, followed by an oven 
temperature ramp of 5 °C min-1 to 250 °C for a final 20 min. The mass spectrometer was 
operated in positive electron impact mode (EI) at 69.9 eV ionization energy in m/z 30-800 scan 
range.  
The spectra of all chromatogram peaks were evaluated using the HP Chem station 
(Agilent, Palo Alto, CA, USA) and AMDIS (NIST, Gaithersburg, MD, USA) programs. The 
spectra of all chromatogram peaks were compared with electron impact mass spectrum from 
NIST Mass Spectral Database (NIST08) and W8N08 library (John Wiley & Sons, Inc., USA). 
To allow comparison between samples, all data were normalized to the internal standards: for 
aqueous extracts an isopentanoic acid (0.1µM); for toluene extracts – pentadecanoic acid methyl 
ester (0.5µM). 
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For the derivatization treatment (i.e., trimethylsilylation, TMS) applied to the bio-crude 
oil before GC-MS analysis, sample was vaporized under vacuum and derivatized as follows: 60 
min at 50 ˚C with 80 µl of methoxyamine hydrochloride in pyridine (20 mg/ml) followed by 120 
min treatment at 70 ˚C with 80 µl N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA). A 
10 µl of an internal standard (C31 fatty acid; 10mg/ml) was added prior to trimethylsilylation.  
Sample volume of 1 µL was injected with a split ratio of 10:1. The GC-MS system 
consisted of an Agilent 7890A (Agilent Inc, Palo Alto, CA, USA) gas chromatograph, an Agilent 
5975C mass selective detector and Agilent 7683B autosampler. 
Gas chromatography was performed on a 60 m HP-5MS column with 0.25 mm inner 
diameter and 0.25 mm film thickness (Agilent Inc, Palo Alto, CA, USA) with an injection 
temperature of 250˚C, the interface set to 250 ˚C, and the ion source adjusted to 230 ˚C. The 
helium carrier gas was set at a constant flow rate of 1.5 ml/min. The temperature program was 5-
min isothermal heating at 70 ˚C, followed by an oven temperature increase of 5 ˚C/min to 310 ˚C 
and a final 20 min at 310 ˚C. Mass spectra were recorded in the m/z 50-800 scanning range.  
Thermogravimetric analysis (TGA) of bio-crude oil and solid residue were performed on 
a Q50 TGA (TA Instruments, Schaumburg, IL) from 110 ºC to 800 ºC in 50 ml/min N2 at 10 
ºC/min to estimate its boiling point range distribution. 
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CHAPTER 4. HTL OF MIXED-CULTURED ALGAL BIOMASS 
FROM WASTEWATER TREATMENT SYSTEM (AW)1 
4.1. HYDROTHERMAL LIQUEFACTION PRODUCTS YIELDS 
To investigate the effect of temperature and retention time on the liquefaction products 
yields converted from AW, temperatures from 260 °C to 320 °C along with different retention 
time extended from 0 to 1.5 hours was applied to the HTL tests. Figure 4.1 shows the bio-crude 
oil yields ranging from 17.2 % to 49.9 % (V.M.). The highest bio-crude oil yield was gained at 
300 °C for 1 hour retention time. Compared to several previous similar work (Anastasakis & 
Ross, 2011; Roberts et al., 2013; Valdez et al., 2012; Yu et al., 2011a; Zou et al., 2010), the 
highest bio-crude oil yield presented in this work is comparable and even better, suggesting pure-
cultured algae is not necessary for bio-crude oil production and complex extraction process may 
be not required. Besides, wastewater may help the formation of bio-crude oils since it may 
contain active chemicals such as halides.  
                                                 
1
  This chapter is in preparation for submission to Energy & Environmental Science. 
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Figure 4.1 Effect of reaction temperature and retention time on bio-crude oil yields 
converted from AW 
 
The bio-crude oil yields increased as reaction temperature increased. Yet, when the 
reaction temperature was enhanced to 320 °C, the bio-crude oil yields decreased or reached a 
plateau. This change infers that the bio-crude oil may be further decomposed into solid char/gas. 
Similarly, the bio-crude oil yields did not increase as the retention time extends and endured 
retention time brought about more solid residues. This observation shows that the process 
conditions applied in this work were not in the kinetically controlled region since the product 
yield typically increases with retention time under kinetically controlled conditions (Masel, 
2001). At relatively low temperature (260 °C and 280 °C), the bio-crude oils may be mature with 
longer retention time whereas at relatively high temperature (300 °C and 320 °C), the bio-crude 
oils may require shorter retention time to form. Although at 0 hour retention time, there seems to 
be quite a few amount of bio-crude oils, the large portion of solid residues reveals the algal 
biomass may be not completely converted.  
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The solid residue yields (Figure 4.2) ranged from 1.94 % to 55.0 % while the aqueous 
product yields (Figure 4.3) are in the scan of 3.18 % - 64.4 %. Figure 4.2 and 4.3 present that at 
relatively low temperature (260 °C and 280 °C), AW were likely transformed into solid residues 
or aqueous products, instead of bio-crude oils. With increase in temperature, there were more 
bio-crude oils or solid residues, instead of aqueous products. This indicates the aqueous products 
may tend to be converted into bio-crude oils when the temperature increased. Above observation 
is also consistent with the previous study suggesting the formation of bio-crude oil from the 
water-soluble products (Torri et al., 2011). Besides, this result again implied that excessively 
high temperature may lead to over oxidization of the bio-crude oil. Since AW contains 
considerable lignocellulose materials, bio-crude oils converted from this type of algal feedstock 
may require higher temperature than the oils produced from high-protein or high-lipid algae. 
Similar results are found in Wang’s work on transforming various model compounds into bio-
crude oil via HTL (Wang, 2011). Liquefaction products distribution also illustrates reaction 
temperature may play a more significant role on HTL because there seems to be apparent 
changes on the liquefaction products yields as the reaction temperature changed. 
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Figure 4.2 Effect of reaction temperature and retention time on solid residue yields 
 
 
Figure 4.3 Effect of reaction temperature and retention time on aqueous product yields 
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The gas product yields (figure 4.4) are least affected either by retention time or reaction 
temperature. Alternatively, as the temperature exceeds a specific point (in this study, it is about 
300 °C), the gas products may be dramatically increased. Li’s work showed that the gas product 
yields were drastically enhanced when the reaction temperature increased from 320˚C to 380˚C, 
(Li et al., 2012). Yet, it is noticed that the gas yields obtained in this work were lower than 
several previous studies using pure species algae as HTL feedstock. The existence of large 
amount of calcium carbonate in the raw material may affect the solubility of carbon dioxide. 
Under hydrothermal liquefaction, carbon dioxide may partly dissolve in water and then react 
with calcium carbonate to form calcium bicarbonate solution. GC-MS analysis of aqueous 
products also supported this implication. 
 
 
Figure 4.4 Effect of reaction temperature and retention time on gas product yields 
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4.2. ANALYSIS OF BIO-CRUDE OILS 
4.2.1. ELEMENTAL ANALYSIS AND HIGHER HEATING VALUES 
From the previous discussion, it seems that the bio-crude oils could reach their mature 
stage with retention time of 1 hour while 300 °C appeared to be the most suitable reaction 
temperature for bio-crude oil formation in this study. Therefore, bio-crude oils obtained at 300 °C 
or with 1 hour retention time are selected for further characterization to elucidate the HTL 
reaction with more details. Table 4.1 summarizes the results of ultimate analysis, ash content, 
higher heating values (HHV) and toluene solubility of bio-crude oils converted from AW based 
on dry weight mass. Compared with the feedstock, the carbon and hydrogen contents along with 
the toluene solubility of bio-crude oils were noticeably increased whereas their ash contents were 
greatly decreased in most cases; the oxygen and nitrogen contents were slightly decreased in 
some cases. This shows the hydrolysis, repolymerization and deamination may be involved in 
the hydrothermal process since AW mainly contains proteins and lignocellulose (Yu, 2012). 
Additionally, it is found that there was considerable amount of ash content in the bio-crude oil, 
revealing the current extraction approach may be not appropriate for the bio-crude oils generated 
from ash-rich biomass.
28 
   
 
 
 
 
 
 
 
 
Component ( d.w.%) 
Waste 
Water 
Algae 
1 hr Retention time Temperature at 300 ° C 
260 ° C 280 ° C 300 ° C 320 ° C 0 hr 0.5 hr 1 hr 1.5hr 
C 27.9 62.7 52.7 43.1 67.3 13.9 38.0 43.1 37.3 
H 3.01 8.5 5.88 5.06 7.69 0.00 4.68 5.06 3.77 
N 3.90 4.1 3.75 2.77 5.10 0.67 2.33 2.77 2.80 
O 17.7 19.3 20.6 12.5 19.9 46.6 32.9 12.5 13.2 
H/C atomic ratio 1.29 1.64 1.34 1.41 1.37 0.00 1.48 1.41 1.21 
O/C atomic ratio 0.48 0.23 0.29 0.22 0.22 2.52 0.65 0.22 0.26 
Heating value (MJ/kg) 10.4 29.8 22.8 18.9 30.4 0.00 14.9 18.9 15.1 
Ash content (%) 47.5 5.42 17.1 36.6 0.00 38.9 22.1 36.6 43.0 
Toluene Solubility (db) 6.6 14.4 25.4 35.5 10.3 11.7 28.5 35.5 34.1 
Table 4.1 Ultimate analysis, higher heating value (HHV) and toluene solubility of the bio-crude oils (dry basis) 
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With 1 hour reaction time, the carbon, hydrogen and nitrogen contents as well as HHV of 
bio-crude oils were firstly decreased and then increased as the temperature enhanced from 300 °C 
to 320 °C. In contrast, the toluene solubility and the ash content of bio-crude oils show the 
opposite trend. This observation suggested that the hydrolysis of proteins may begin before 260 °
C and the deamination and decarboxylation of proteins became dominant from 260°C to 300°C, 
following the repolymerization governing after 300 °C. However, the oxygen content was not 
greatly decreased as expected with the decarboxylation of proteins. The products such as 
furfurals, converted from lignocellulose materials via HTL, may contribute to the growth of 
oxygen content (Bonn & Bobleter, 1983; Garrote et al., 1999). Yet, it seems there was a trade-off 
between HHV and toluene solubility of raw oil, inferring that two serial competitive reactions—
producing volatile matter and char—may take place as the reaction temperature increased (Zhang, 
2010).  
Bio-crude oils transformed from AW were held for different retention time at 300 °C.  
Table 4.1 shows the carbon and hydrogen content and HHV of bio-crude oils firstly increased as 
the retention time extended and then decreased as the holding time longer than 1 hour while the 
ash content presented a nearly reverse trend. On the contrary, the nitrogen content and toluene 
solubility of raw oils increased as the retention time increased and then kept leveling off after 1 
hour; the oxygen content decreased as the retention time extended. Above results display that the 
biomass may be decomposed and depolymerized to small compounds at the initial stage and then 
these compounds began to rearrange through condensation, cyclization and repolymerization to 
form new compounds (Chornet & Overend, 1985). Higher retention time may lead to formation 
of more char while insufficient holding time leads to an incomplete conversion. Toluene 
solubility of the respective raw oils also illustrates that excessive retention time may trigger the 
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decomposition of bio-crude oils. As the retention time increased, the oxygen content was greatly 
diminished. This may be the fact that the degradation of lignocellulose does not require long time 
so their associative products, furfural derivatives, were not further produced as the holding time 
extended (Mok et al., 1992; Mok & Antal, 1992). Therefore, it is not recommended to 
hydrothermally convert AW into bio-crude oil with prolonged time. 
Since the quality of bio-crude oils is significantly affected by the H/C ratio and O/C ratio, 
the classification of feedstock and bio-crude oils gained at various reaction conditions was 
summarized in figure 4.5 based on a Van Krevelen diagram. Several types of conventional fuels 
and one previous study using low-lipid microalgae as HTL feedstock (Yu et al., 2011b) were 
also reported for comparison. The remove of oxygen may be processed through decarboxylation 
continuously via HTL since the O/C ratio was greatly decreased as the retention time extended. 
Meanwhile, high temperature, endured or inadequate holding time were not preferred in terms of 
bio-crude oil quality: the H/C ratios or O/C ratios were located in the undesired area with those 
reaction parameters. This implies that once the reaction temperature is reached an appropriate 
range, the formation of bio-crude oils may take place at a specific time point, instead of a range 
of holding time. Similar observation was shown in previous work about converting swine 
manure into bio-crude oils via HTL (He et al., 2000b; Wang, 2011). Yet, further kinetic study or 
the application of surface response methodology on HTL is called to provide more information 
about optimistic conditions for converting AW into bio-crude oil.  
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Figure 4.5 3-D Van Krevelen diagram of bio-crude oils gained at various temperatures with 
1 hour retention and at 300 °C with different retention time 
 
Compared to the feedstock, the N/C ratios of bio-crude oils were noticeably decreased 
because the hydrolysis of proteins may occur during HTL. Nevertheless, the N/C ratios were 
growing as the retention time extended. When the reaction temperature achieved at 320 °C, this 
change was even apparent, indicating the repolymerization may process aggressively at higher 
temperature with endured time. In contrast to our previous work (Yu et al., 2011a), it seems the 
N/C ratio (about 0.055) of the bio-crude oil obtained in this study was lower and O/C ratio was 
slightly higher. Averagely, the N/C and O/C ratios obtained in previous work are about 0.076 
and 0.1.This may be that AW contains less protein and more lignocellulose materials. In terms of 
H/C ratio, the bio-crude oils obtained in this case were better than coals and comparable to 
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biodiesel and gasoline but the N/C ratios of these bio-crude oils still need further improvement 
such as pretreatment of feedstock or upgrading of bio-crude oils.  
 
4.2.2. GC-MS ANALYSIS 
The bio-crude oils extracted contain a complex mixture of hydrocarbons and GC-MS 
analysis may help explore the general chemical property and possible reaction pathways of HTL. 
In order to establish the major reaction pathways for different biomolecules under hydrothermal 
conditions, components characterized by GC-MS are categorized into several groups such as 
cyclic oxygenates (including furan and oxirane derivatives), hydrocarbons, cyclic hydrocarbons, 
straight amide derivatives, fatty acids derivatives, N/O/S heterocyclic compounds and 
phenols/phytosterols (including stigmasterol and cholestanol). Compounds containing more than 
one functional group were classified into only one category. For example, methane, isocyanato- 
consists of both hydrocarbon and C=N functional group and it is classified as straight amide 
derivatives based on its chemical property. For each bio-crude oil sample, averagely about 92 % 
of the identified components are categorized according to the above criteria. GC-MS spectra and 
the major components (>1 % relative total peak area) of the bio-crude oil are summarized in 
figure 4.6 and table 4.2 respectively.  
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Figure 4.6 GC-MS spectra of bio-crude oils 
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Figure 4.6 (cont.) 
 
 
 
0.00E+00
5.00E+07
1.00E+08
1.50E+08
2.00E+08
2.50E+08
0 10 20 30 40 50 60
In
te
gr
al
 
Si
gn
al
 
(-)
Retention time (min)
0 hr/300 °C
0.00E+00
1.00E+07
2.00E+07
3.00E+07
4.00E+07
5.00E+07
6.00E+07
7.00E+07
8.00E+07
9.00E+07
1.00E+08
0 10 20 30 40 50 60
In
te
gr
al
 
Si
gn
al
 
(-)
Retention time (min)
0.5 hr/300 °C
0.00E+00
1.00E+08
2.00E+08
3.00E+08
4.00E+08
5.00E+08
6.00E+08
0 10 20 30 40 50 60
In
te
gr
al
 
Si
gn
al
 
(-)
Retention time (min)
1 hr/300 °C
 35 
Figure 4.6 (cont.)
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Table 4.2 Major components of the bio-crude oils obtained at different reaction conditions 
Compound Name 
% of Total Relative Peak Area    
Feedstock 260 ˚C 
w/1hr 
280 ˚C 
w/1hr 
300 ˚C 
w/1hr 
320 ˚C 
w/1hr 
300 ˚C 
w/0hr 
300 ˚C 
w/0.5hr 
300 ˚C 
w/1.5hr 
Cyclic Oxygenates         
1-methylbutyl Oxirane   13.5      
2-(1-Methylbutyl) Oxirane 2.81        
2-Isopropyl-3-vinyloxirane   3.09      
2-Ethenyl-furan     11.0  7.85 26.0 
Tetrahydro-3-Methy-furanel 13.9        
Hydrocarbons         
Ethanol    0.90     
Butyl Chloride    21.3     
1-Buten-3-yne, 2-methyl-      1.98   
2,3-Dimethyl Pentane 15.9 36.5 10.7      
2,3,3,-Trimethyl Pentane    4.74     
3-Ethyl-2-methyl Pentane   2.42      
2-Methyl-1-Pentene 12.0        
4-Methyl-Heptane     2.19  3.03  
2,2,3,3,5,6,6,-Heptamethyl- Heptane   1.72      
1,5-Heptadien-3-yne     19.1    
2-Methyl-Decane     4.94    
3,7-Dimethyl-Decane    0.71     
2,3,5,8-Tetramethyl Decane 1.15        
Dodecane   6.78      
6-Methyl-Dodecane    0.66     
2,6-Dimethyldecane  4.64       
5-Methyl Undecane   1.08      
2,6-Dimethyl Undecane    0.79     
4,6,8-Trimethyl-1-Nonene    1.63     
Cyclic Hydrocarbons         
Propyl-Cyclopropane  12.7       
1,3,5-Cycloheptatriene  4.67 7.58 4.97 41.9   51.9 
7-Methyl-1,3,5-Cycloheptatriene  3.08 9.35      
1-ethenyl-1,3-Cyclopentadiene  3.94       
4-(1,3/2,5-Cyclopentadien-1-yl)-2-
methylbutyronitrile  
  
 
   1.90 
Phenols         
Phenol    0.92     
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Table 4.2 (cont.)         
Compound Name 
% of Total Relative Peak Area      
Feedstock 260 ˚C 
w/1hr 
280 ˚C 
w/1hr 
300 ˚C 
w/1hr 
320 ˚C 
w/1hr 
300 ˚C 
w/0hr 
300 ˚C 
w/0.5hr 
300 ˚C 
w/1.5hr 
Ketones         
3-Pentanone        7.69 
3-Ethyl-2-Pentanone 1.06        
Ester         
2-Propenoic acid, oxybis(methyl-2,1-
ethanediyl) ester  
 1.11 
 
    
Straight & Branched Amides & Amines         
N,N-Dimethyl Ehenamine  9.39  21.4     
Ethanethioamide        1.11 
1-azido-1-buten-3-yne     1.12    
1-Butanamine, N-methyl-N-nitro-       9.33  
3-Ethynyl-2H-Azirine      1.08   
Methane, isocyanato-     1.04  2.09  
2-Propanamine, N-nitro     5.00    
Hexadecanamide   1.71      
N-Methyl Hexadecanamide    0.81     
Hydrazinecarbothioamide      30.1 18.9  
N&O&S Heterocyclic Compounds         
1H-Pyrrole-3-carbonitrile      58.3 47.0  
Fatty Acids & Fatty Alcohols         
cis-9-Hexadecenoic acid 2.98 1.25 2.26 0.92     
n-Hexadecanoic acid 26.9 5.47 10.8 7.62 2.43 3.75 4.11 2.73 
Octadecanoic acid 4.79 1.39 3.20 6.65   1.23 1.11 
9-Octadecenoic acid, (E)- 8.64 1.91       
cis-13-Octadecenoic acid       1.38  
trans-13-Octadecenoic acid      1.08   
cis-Vaccenic acid   4.64 5.32    1.20 
Tetradecanoic acid 1.54  1.23 0.96     
         
Total 91.7 85.0 81.1 80.3 88.7 96.3 95.0 93.7 
38 
Figure 4.7 summarized the major chemical groups appearing in the bio-crude oils with 
different reaction conditions. AW was also extracted with toluene for comparison. Averagely, 
the fatty acid derivatives and hydrocarbon derivatives account for half of the identified 
components in the bio-crude oils, though there is merely about 1 % of lipid in AW, whereas the 
nitrogen- and oxygen-containing compounds, derived from proteins and lignocelluloses 
respectively, each contribute approximately 15 % of the identified components. Noteworthy, 
there were few heterocyclic compounds in any of the bio-crude oils obtained with 1 hour 
retention time, implying that these heterocyclic compounds may serve as intermediates for other 
reactions. Besides, as retention time extended, the heterocyclic compounds may degrade into 
solid residue.
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Figure 4.7 Effect of reaction temperature and retention time on the composition of bio-crude oils
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Initially, there were no cyclic hydrocarbons and amine derivatives in the feedstock, 
inferring the decomposition of proteins and the formation of cyclic hydrocarbons may cross over 
a high energy barrier. As the reaction approached 260 °C, more hydrocarbon derivatives were 
produced via the decarboxylation of fatty acids while the cyclic oxygenates were greatly 
decreased. This reveals the hydrolysis of lignocelluloses may occur at lower temperature. When 
temperature went on, the corresponding products such as furan derivatives may be decomposed 
due to high temperature and long residence time. Additionally, the change of pH may affect the 
products derived from lignocellulose materials (Zhang, 2010). Similar change were found in 
previous work converting microalgae into bio-crude oil too (Yu, 2012). Yet, as the temperature 
increased from 260 to 320 °C, cyclic hydrocarbons, amine derivatives and cyclic oxygenate 
derivatives were significantly enhanced, showing the recombination and repolymerization may 
become more intense under hydrothermal conditions since water molecules can also participate 
chemical reactions. Notably, the decomposition for various amino acids may take place at 
different temperatures. For instance, L-Methionine decomposes at around 289°C while L-Proline 
degrades at about 231 °C (Olafsson & Bryan, 1970). Hence, it was difficult to fine tune the 
production of amine derivatives in this work. Further characterization such as MALDI-MS of 
feedstock may help resolve this issue. Also, the major cyclic oxygenates appeared in the bio-
crude oil obtained at 280 °C was oxirane derivatives, instead of furan derivatives. The syntheses 
of oxirane derivatives usually have to do with acrylic acids or enomes along with peroxides. As 
water approached its subcritical/supercritical conditions, water would become a good medium 
for oxidation and therefore oxirane derivatives were preferentially produced (Peterson et al., 
2008).   
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While temperature may affect the spontaneity of chemical reactions, retention time plays 
a more significant role on the kinetic feature of one chemical reaction. Hence, the investigation 
of the effect of retention time on the composition of bio-crude oils can help adjust the desired 
reaction pathways and corresponding products. Figure 4.7 demonstrates that initially there were 
few hydrocarbons and cyclic hydrocarbons but the two groups were drastically increased when 
holding time lasted for 1 hour and 1.5 hour respectively. This is expected. Typically, 
decarboxylation of fatty acids does not process readily; the synthesis of the major cyclic 
hydrocarbons, 1,3,5-cycloheptatriene derivatives, observed in this work may consume several 
different intermediates such as cyclohexene, dichlorocarbene and diazomethane and thus may 
take longer time to accomplish the reaction (Foote et al., 2011). However, the significant 
increase of the hydrocarbons gained with 1hour retention time was contributed by the butyl 
chloride, which may be synthesized from butanol and chloride ions. On the contrary, amine 
derivatives and N-containing heterocyclic compounds were abundant at the very beginning but 
began to reduce when reaction held for more than 0.5 hour. Amine groups may be used to 
manufacture cyclic amine/amides, which would distribute to the aqueous products subsequently. 
Similarly, 1H-Pyrrole-3-carbonitrile may serve as intermediates for other energetically-favorable 
reactions and therefore disappeared as retention time extended. Also, the –CN bond on this 
compound is very active and could lead to further chemical reaction such as ring-opening 
(Kvaskoff et al., 2010).  
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4.2.3. TG ANALYSIS 
The boiling point distribution of the bio-crude oils were assessed by exploiting thermal 
gravimetric analysis (TGA), which can be viewed as a miniature “distillation” (Zhang et al., 
2013a). The bio-crude oils were dried naturally in the fume hood overnight and then applied to 
TGA analysis. Table 4.3 demonstrates that heating of bio-crude oils under an inert atmosphere to 
800 °C typically brought about a weight loss of approximately 80 % and all of the bio-crude oils 
contain two significant weight loss peaks at around 250 °C and 400 °C. The weight loss of bio-
crude oils before 110 °C was about 2 %, revealing the drying process efficiently removed the 
toluene. In contrast to the boiling distribution of feedstock, it is believed that HTL successfully 
converted AW into volatile matter. Noteworthy, figure 4.8 shows the two major weight loss 
peaks of feedstock were moved from higher temperature to lower temperature.  
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Figure 4.8 DTA curves of bio-crude oils and waste water algae mixtures: (a) the effect of reaction temperature (b) the effect of 
retention time 
 
Table 4.3 Boiling point distribution of bio-crude oil (%) 
 
A B 
 
Distillate Range (°C) Coke Oil Typical Applicationa Feedstock 
1 hr Retention time Temperature at 300 °C 
260 ° C 280 ° C 300 ° C 320 ° C 0 hr 0.5 hr 1 hr 1.5 hr 
25-110 Bottle gas and chemicals 4.92 1.18 1.58 0.79 3.6 1.62 1.18 0.79 3.22 
110-200 Gasoline 1.27 3.83 8.71 5.13 18.2 7.90 4.62 5.13 19.3 
200-300 
Jet fuel, fuel for stoves and 
diesel oil 15.8 23.0 23.8 26.3 23.3 32.1 24.0 26.3 29.9 
300-400 
Lubricating oil for engines, 
fuel for ships and machines 14.9 20.1 13.5 19.0 12.3 18.1 16.9 19.0 15.6 
400-550 
Lubricants and candles, 
fuel for ships 8.32 22.9 20.7 19.2 10.5 18.4 22.5 19.2 11.78 
550-700 
Fuel for ships, factories 
and central heating 9.40 1.45 2.11 1.91 0.74 1.00 2.02 1.91 2.92 
700-800 Asphalt and roofing 3.22 0.74 1.32 1.03 0.53 0.71 1.05 1.03 1.98 
>800 Residues 42.1 26.8 28.3 26.7 30.9 20.2 27.8 26.7 15.4 
aAdopted from Handbook of Petroleum Product Analysis (Speight & Speight, 2002) 
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As the reaction temperature increased, bio-crude oils distilled in the range of  110-200 °C  
also increased while the fraction of 300 °C-550 °C decreased and the range of 200 °C-300 °C 
reached a plateau. Yet, the bio-crude oils gained at 280 °C seems to have more products with 
110-200 °C distillate range than the one gained at 300 °C, which is the optimum condition 
resulting in the maximum bio-crude oil yield. This again suggested that two serial competitive 
reactions including volatile matter formation and char production may occur during the HTL 
process. In addition, the bio-crude oil generated at 320 °C displays an obvious weight loss peak 
at around 170 °C, which is the lowest temperature compared to other peaks. However, the bio-
crude oil yield obtained at 320 °C was relatively low, suggesting that there was a trade-off 
between bio-crude oil quality and bio-crude oil yield.  
The boiling distribution of bio-crude oils moved to lower temperature as the retention 
time extended from 0.5 hour to 1.5 hour. With retention time of 1.5 hour, about 20% bio-crude 
oil distributed in the range of 110-200 °C, which reveals that increased retention time may lead 
the bio-crude oil to undergo further decomposition. Although extending the retention time did 
not greatly enhance the bio-crude oil yield or increase the carbon and hydrogen content, smaller 
molecular components were formed. Although the bio-crude oils gained with 0 hour retention 
time appears to display a preferred boiling distribution feature, the bio-crude oil yield obtained 
with 0 hour retention time was very low. Yet, this indicates that bio-crude oils may begin to form 
as the temperature increased to the desirable point.   
All the bio-crude oils obtained in this work are comparable to previous studies about 
converting microalgae and macroalgae. On comparison with Illinois shale oil, the AW-based bio-
crude oils have less distribution in 110-200°C and 300-400 °C (Anastasakis & Ross, 2011; Yu, 
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2012). A 2-step operation incorporating a HTL test at lower temperature following a catalytic 
upgrading process at higher temperature is suggested in the future in order to crack compounds 
with large molecular weight and remove the ash content beforehand. The TGA data also reveals 
that the GC-MS analysis only characterized part of the bio-crude oil since the limit of the GC 
oven is 250 °C. 
 
4.2.4. DERIVATIZATION TREATMENT 
Since TG analysis indicates that only part compositions of the bio-crude oil were detected 
in the GC-MS analysis, derivatization treatment was attempted to see if more compounds can be 
found in the bio-crude oil. Derivatization treatment was conducted on the bio-crude oil obtained 
at 300 ˚C with 1 hour retention time.   
 Table A (included in Appendix) lists the compounds found in the bio-crude oil after 
derivatization treatment and their possible source. Unexpectedly, compared to the compounds 
found in the bio-crude oil without derivatization treatment, fewer compounds were detected in 
the derivatized bio-crude oil. Interestingly, the GC column applied after derivatization treatment 
is nonpolar while the one used in a typical GC-MS test is polar. Various types of GC column 
including non-polar, partial polar and polar were attempted during a typical GC-MS analysis. 
Among all of the columns, the polar column appeared to be the most suitable in terms of 
separation efficiency. When a polar column was used for GC analysis of bio-crude oil samples, 
the better peak separation was obtained. This also reveals that the extraction approach applied in 
this work may need improvement. In addition to toluene, polar solvents such as dichloromethane, 
tetrahydrofuran, acetone, ethanol and water may be good candidates to reach an efficient 
separation result.  
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Yet, table A implies that HTL could not only convert biomolecules such as proteins and 
lipids but also cell membrane and nucleus into bio-crude oil. Meanwhile, many different types of 
phytosterols and lignin-related compounds such as hydrobenzaldehydes, which typically 
appeared in bio-resin rather than bio-oil, were found in this work too (Wang et al., 2009).  
 
4.3. ANALYSIS OF SOLID RESIDUES 
The ultimate analysis of the solid residues, which were separated in the extraction process 
in section 3.2, is summarized in table 4.4. It seems that most of the ash content can be recovered 
in the solid residues and the oxygen content in the solid residues may thus be underestimated. 
Besides, there was some energy still residing in the solid residues, indicating a more efficient 
extraction process may be called. As the reaction temperature increased, the carbon, hydrogen 
and nitrogen content in the solid residue was decreased. This also confirms the previous 
suggestion that decarboxylation and deamination may be dominant in the range of 260-300 ˚C 
and then following the repolymerization governing beyond 300 ˚C. The solid residues may be 
further transformed into aqueous products with increasing temperature because the aqueous 
product yield was significantly enhanced at 320 ˚C with 1 hour. Meanwhile, the solid residue 
yields were greatly decreased as the holding time extended from 0.5 hour to 1.5 hour at 300 °C, 
supporting that the decomposition of solid residues was taking place as well. A similar 
observation was also displayed in the previous study (Valdez et al., 2012). Yet, a detailed kinetic 
study regarding the transformation among different phases of liquefaction products is called in 
order to confirm the above implication.  In addition, table 4.4 shows the decomposition, 
repolymerization and cracking process may occur simultaneously as the retention time extended. 
The ash content of solid residue grew as retention time increased while the carbon, hydrogen and 
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the nitrogen content of the bio-crude oils were all dropped down at 1 hour and then increased 
with longer time. The TG analysis of solid residues also indicated the cracking would be more 
completely processed with longer holding time. Table 4.5 shows these solid residues still contain 
considerable amount of components with the boiling point range of 550-800 ˚C, revealing further 
treatment such as cracking of these solid residues are encouraged. 
 
Table 4.4 Ultimate analysis, higher heating value (HHV) and toluene solubility of the solid 
residue (dry basis) 
 
Component ( d.w.%) 1 hr Retention time Temperature at 300 ° C 
260 ° C 280 ° C 300 ° C 320 ° C 0 hr 0.5 hr 1 hr 1.5hr 
C 18.2 15.2 15.9 12.0 15.7 17.3 15.9 18.4 
H 0.94 0.51 0.58 0.21 0.87 0.68 0.58 1.10 
N 1.20 0.76 0.74 0.20 0.58 0.86 0.74 0.78 
O 0.00 0.00 0.00 0.00 67.9 0.00 0.00 0.00 
H/C atomic ratio 0.62 0.40 0.44 0.21 3.25 0.47 0.44 0.72 
O/C atomic ratio 0.00 0.00 0.00 0.00 0.66 0.00 0.00 0.00 
Heating value (MJ/kg 
solid residue) 5.71 3.97 4.31 2.39 0.00 4.98 4.31 5.78 
Ash content (%) 82.5 91.9 90.1 96.2 15.0 88.1 90.1 91.7 
48 
Table 4.5 Boiling point distribution of solid residue (%) 
Distillate Range (°C) Coke Oil Typical Applicationa Feedstock 
1 hr Retention time Temperature at 300 °C 
260 ° C 280 ° C 300 ° C 320 ° C 0 hr 0.5 hr 1 hr 1.5 hr 
25-110 Bottle gas and chemicals 4.92 1.07 0.57 0.82 0.62 0.13 0.32 0.82 0.32 
110-200 Gasoline 1.27 0.30 0.15 0.19 0.16 0.22 0.11 0.19 0.27 
200-300 
Jet fuel, fuel for stoves and 
diesel oil 15.8 1.50 0.75 1.02 0.39 0.83 0.36 1.02 1.13 
300-400 
Lubricating oil for engines, 
fuel for ships and machines 14.9 4.32 2.00 2.30 1.07 2.26 0.85 2.30 2.55 
400-550 
Lubricants and candles, 
fuel for ships 8.32 4.63 2.63 4.73 2.24 3.35 1.83 4.73 5.56 
550-700 
Fuel for ships, factories 
and central heating 9.40 12.3 11.5 16.1 8.69 9.50 7.01 16.1 8.41 
700-800 Asphalt and roffing 3.22 14.0 21.6 10.1 22.2 21.0 23.2 10.1 21.6 
>800 Residues 42.1 61.9 60.8 64.8 64.8 62.7 66.4 64.8 60.2 
Solid Residue Yield 
(d.w. %) 
 
93.4  54.9  77.6 60.1 69.8 80.8 74.4 60.1 48.0 
aAdopted from Handbook of Petroleum Product Analysis (Speight & Speight, 2002) 
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4.4. ANALYSIS OF AQUEOUS PHASE PRODUCTS 
The pH values of the aqueous products were measured right after the HTL tests were 
done. Table 4.6 displays the pH values range from 7.39 to 8.60 in this work. It seems increasing 
the reaction temperature did not greatly affect the pH of aqueous products while the pH values 
noticeably increased as the retention time extended from 1 hour to 1.5 hour. Thus, it is essential 
to identify the dissolved organics in the aqueous phase in order to investigate the potential HTL 
mechanism as well as the possible application of the aqueous products.  
 
Table 4.6 pH values of aqueous products obtained with different HTL conditions 
 
 
 
 
 
 
 
Figure 4.9 illustrated the major groups of aqueous products generated at different reaction 
conditions. GC-MS spectra and the major components (>1 % relative total peak area) of the 
aqueous phase products are also available in figure 4.10 and table 4.7 respectively. Similar to 
bio-crude oils, the aqueous products are grouped according to the chemical property of different 
compounds. It is found that the major groups appeared in the aqueous phase are organic acids 
(excluding fatty acids but including amino acids) and cyclic amine derivatives. This is beneficial 
to the whole E2-Energy system because the corresponding bio-crude oils may hence contain less 
acid and nitrogen compounds, resulting in less upgrading work and benign to the environment. 
Meanwhile, it is observed that carbon dioxide may partly dissolve in water. Yet, it seems that 
carbon dioxide prefers to exist as gas phase as reaction temperature increased from 280 °C to 
320°C. 
HTL Condition 
1 hr Retention time Temperature at 300 ° C 
260 ° C 280 ° C 300 ° C 320 ° C 0 hr 0.5 hr 1 hr 1.5hr 
pH Values 7.83 7.95 7.39 7.84 7.60 7.88 7.39 8.60 
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Figure 4.9 Effect of reaction conditions on the composition of aqueous products
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Figure 4.10 GC-MS spectra of aqueous phase products
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Table 4.7 Major components of aqueous phase products gained at different reaction conditions 
Compound Name 
% of Total Relative Peak Area   
260 ˚C 
w/1hr 
280 ˚C 
w/1hr 
300 ˚C 
w/1hr 
320 ˚C 
w/1hr 
300 ˚C 
w/0hr 
300 ˚C 
w/0.5hr 
300 ˚C 
w/1.5hr 
Organic acids (exclude fatty acids but included amino acids)        
Acetic acid 18.9 23.1 31.0   16.9 20.7 
Propanoic acid 1.58 2.16 2.90 6.90 1.41 1.88 1.80 
Butanoic acid    1.57    
3-Methyl Butanoic acid      2.83 4.41  
4-Methyl Aminobutanoic acid      1.29  
4-Methyl-Pantanoic acid  1.22 2.61 3.76 8.58 2.51 2.35 3.61 
Benzenepropanoic acid   2.07 1.24   1.30 
Leucine 3.43    1.91   
Proline 2.92 4.92 4.88   1.66 1.53 
Ketones        
3,4-Diethoxy-3-cyclobutene-1,2-dione 2.59    1.95   
2-Pentanone,3-(3-Thienyl)- 2.98 1.38   1.67   
1,5-Dioxaspiro[5.5]undecan-9-one, 3,3-dimethyl-    1.22    
2,3-Dimethyl-2-cyclopenten-1-one    1.17    
cis-3-Methoxy-2,4-dipropylcyclopent-2-en-1-one 1.54 2.09   2.99   
(Cyclic) Oxygenates        
Dioxomethane 4.17 9.41 1.78     
Dimethyl Oxalate       1.05 
1,4-Dioxaspiro[4.5]decane 1.91       
Diazoles        
1,4-Diaza-2,5-dioxo-3-isobutyl bicyclo[4.3.0]nonane 3.74 2.72   7.28   
1,3-Diaza-5,5-dimethyl-cyclohexane-2,4,6-trione       2.05 
Alkaloids        
1-Methyl-7-phenyl-1,3,4,5,6,7-hexahydroazepine    3.41    
2-Methylpyrazine     2.90    
2,5-Dimethyl-Pyrazine    1.29    
2-Oxo-1-Methyl-3-isopropylpyrazine      1.58  
5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo[1,2-a;1',2'-
d]pyrazine 
  
 
 3.00   
Straight & Branched Amides&Amines        
N,N'-Dibutylidene 2.29       
Acetamide 2.37 4.55     3.56 
Aziridine      1.84  
Urea    13.8 3.49   
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Table 4.7 (cont.)        
Compound Name 
% of Total Relative Peak Area    
260 ˚C 
w/1hr 
280 ˚C 
w/1hr 
300 ˚C 
w/1hr 
320 ˚C 
w/1hr 
300 ˚C 
w/0hr 
300 ˚C 
w/0.5hr 
300 ˚C 
w/1.5hr 
Straight & Branched Amides&Amines (cont.)        
1-Ethylhydrazine       2.52 
Ethylenimine      1.65 1.60 
N-Ethyl-5-propyl-5-nonanamine     1.77   
Trideuteroacetonitrile       1.50 
2-Amino-1,3-propanediol       1.41 
1-Butyl-Hydantoin     4.62   
Hydrazine     1.17   
7-bis(1-Methyl-1-Phosphonato)ethyl-1, 4, 7-Triazahepatane      1.42  
Cyclic Amines & Amides        
(3aS,5aR-trans,9AR)-Dodecahydropyrrolo[1,2-A]Quinoxalin-
4(5H)-one 
4.10  
 
    
2H-Pyran-2-one, tetrahydro-5-methyl-6-(1-methylethyl)-, cis-
(.+-.)- 
4.47 2.59 
 
    
3-Isopropyl-6-Methyl-piperazine-2,5-dione 2.36 1.30      
3,6-Diisopropylpiperazin-2,5-dione 3.54 6.30 2.44  22.0 3.57 1.10 
3,6-bis(2-methylpropyl)-2,5-Piperazinedione  1.65       
3,6-Dihydro-5,6,6-trimethyl-2(1H)-pyrazinone-4-oxide 3.99    1.90   
2-methylthio-3,5,7-trimethyl[1,2,4]triazolo-[1,5-a]pyrimidinium 
iodide 
1.38  
  
   
3,6-Dihydro-5,6,6-Trimethyl-, 4-Oxide-2(1H)-Pyrazinone  1.04      
1-butyl-2,4-Imidazolidinedione      1.85  
3-Pyridinol 1.19 1.09      
2-Piperidinone  2.29 8.83 5.05 2.02 1.94 2.67 
2-Pyrrolidinone 1.55 1.92 6.95 4.10 1.22 3.19 2.30 
1-Methyl-2-Pyrrolidinone   1.11 6.60  2.02 1.98 
1-Acetyl- Pyrrolidine  1.62 1.40 1.04  1.26 1.24 
1-Ethyl-2-Pyrrolidinone    4.86    
cyclo(leucyl-prolyl)   3.88  1.36 4.11 1.85 
2-Propenal, 3-(1-aziridinyl)-3-(dimethylamino)-      1.94  
N-methyl-ethyl ester Pyrrolid-2-one-5-carboxylic acid      1.81  
Caprolactam      1.10  
Piperidine hydrochloride      1.62  
3-Isobutylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione     6.40   
3-Methyl-6-(1-methylethyl)-2,5-Piperazinedione      1.11   
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Table 4.7 (cont.)        
Compound Name 
% of Total Relative Peak Area     
260 ˚C 
w/1hr 
280 ˚C 
w/1hr 
300 ˚C 
w/1hr 
320 ˚C 
w/1hr 
300 ˚C 
w/0hr 
300 ˚C 
w/0.5hr 
300 ˚C 
w/1.5hr 
Fatty Acids & Fatty Alcohols        
Glycerol 3.53 3.56 3.78 1.78 5.31 7.17 1.94 
Octadecanoic acid  2.57     13.2 
Hexadecanoic acid       2.44 
Phenols        
Phenol    7.15 1.03   
4-methyl-Phenol     1.29    
Total 77.4 77.2 74.8 73.9 79.0 66.5 71.4 
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As the reaction temperature increased from 260 °C to 320 °C, the amount of organic 
acids and cyclic amine derivatives firstly increased and then decreased while amine derivatives 
and ketones presented the opposite trend. In contrast, cyclic hydrdocarbons and fatty acid 
derivatives almost kept constant no matter how the temperature changed, inferring these two 
groups prefer to stay in oil phase. The enhancement of organic acids may be brought about by 
decomposition of various amino acids. Several amino acids such as prolines and leucines were 
also observed in the aqueous products. Ketones may transform between alcohols and acids and 
thus they are less stable under hydrothermal conditions. Besides, ketones may be consumed for 
the formation of cyclic amine derivatives and therefore reduced. The substantial increase of 
amine derivatives appeared at 320 °C mainly owned to urea. Under high pressure and high 
temperature, urea could be synthesized from ammonia and carbon dioxide (Krase & Gaddy, 
1922). Alkaloids and phenol derivatives were also apparently increased when reaction 
temperature reached 320°C. This may be that the decomposition of cellulose crystallinity takes 
place at about 320 °C and the degradation of lignin structure also favored high temperature scans 
around 280-300 °C (Liu et al., 2013; Peterson et al., 2008). 
Uncommonly, the fatty acid derivatives noticeably increased when retention time 
extended while organic acids presented the opposite trend. In the aqueous product obtained with 
1.5 hour at 300 ˚C, octadecanoic acids were greatly increased and acetic acids were diminished. 
Notably, glycerol was reduced at this condition too. Above observation suggested that fatty acids 
and lipids may be produced with endured retention time. Lipid compounds could be synthesized 
through Fischer-Tropsch reactions with oxalate acids or formic acids at 175 °C for 2-3 days, 
indicating this reaction pathway may proceed relatively slowly (McCollom et al., 1999). The 
precursor carbon source, oxalate acids, also appeared in the aqueous product gained at 260 °C for 
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1hour. Furthermore, the reaction mixtures generated at this condition looked more like flowable 
oil mixed with tar sands, leading to inefficient separation. Therefore, there may be more fatty 
acids found in this specific aqueous product. On the contrary, it seems cyclic amine derivatives 
were not stable under hydrothermal conditions because the formation of their reactants, such as 
hydroxy acids and lactams, is strongly dependent on the applied conditions (Decker et al., 2004). 
The increasing organic acids obtained with 0.5 hour at 300 ˚C support this indication too. 
Meanwhile, the competition relationship may exist among the formation of cyclic amine 
derivatives, cyclic hydrocarbons and straight amine groups when the retention time lasted for 
more than 1 hour. With 1.5 hour at 300 °C, the growth of straight amine groups was contributed 
by the formation of hydrazines, amino diols and tertiary amides. Hydrazines can be synthesized 
from ammonia and peroxide while tertiary amides can be produced by the dehydration of 
primary amides (Maxwell, 2004). Overall, the generation of these three straight amine 
derivatives may compete with cyclisation for the same reactants and thus bring about the 
reduction of cyclic amine group. Ketones and diazoles may serve as intermediates for other 
reactions such as ring-opening since they are less stable during HTL (Kvaskoff et al., 2010). 
The analysis of the aqueous phase also demonstrates that further application of these 
aqueous products is necessary. For instance, there was relative abundant amount of cyclic amine 
derivatives, which can serve as building blocks in pharmaceutical synthesis. Another example is 
the straight amide derivative such as urea and hydrazine. Urea can be a good culture media for 
algae and microorganisms while hydrazine can be used as rocket fuel. Consequently, establishing 
an efficient scheme such as E2-Energy system to reuse the nutrient streams is essential. 
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4.5. POTENTIAL REACTION MECHANISM FOR HTL OF AW 
Based on the GC-MS results and possible reaction pathways described in literatures 
(Peterson et al., 2008; Wang, 2011), a potential HTL reaction mechanism of AW is proposed in 
figure 4.11. The thickness of arrows represents the relative amount the compounds distributed to 
different phases. Initially, biological molecules including lipids, proteins, lignocellulose and 
lignin were hydrolyzed into their corresponding monomers such as fatty acids, amino acids and 
glucose at lower temperature. As the reaction temperature increased, these monomers were 
decomposed. Nitrogen and oxygen may be removed from carboxyl group and amine group via 
decarboxylation and deamination respectively. Meanwhile, Maillard reaction may take place, 
combining amino acids with reducing sugars to produce Melanoidin. Aminolysis may occur 
when the temperature was higher than 220 ˚C (Wang, 2011). Carboxylic acid derivatives from 
fatty acids or amino acids may react with amines or ammonia to form amides. Yet, few amount 
of amides were gained in this work, indicating there may be competition between hydrolytic and 
ammonolytic reactions (Roe et al., 1952). As the liquefaction condition became even aggressive 
(temperature >250 ˚C), cyclisation involved with alcohols, ammonia and amino acids may 
process and cyclic amine derivatives were generated under hydrothermal conditions (Decker et 
al., 2004). Simultaneously, condensation and halogenation may take place. Alkane halides and 
cyclic hydrocarbons such as cycloheptatrienes were formed respectively (Foote et al., 2011). 
Dehydrohalogenation of alkane halides may subsequently occur when the reaction temperature 
kept enhancing and alkynes were thus generated at about 300˚C. 
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Figure 4.11 Potential reaction pathways for HTL of AW: (a) hydrolysis; (b) decomposition; (c) dehydration; (d) 
polymerization; (e) deamination; (f) Maillard reaction; (g) decarboxylation; (h) Aminolysis; (i) cyclisation; (j) 
halogenations; (k) dehydrohalogenation; (l) condensation + pyrolysis 
59 
Combined with all the above discussion, it is suggested to operate the HTL test with AW 
at the scan of 300-320°C for 0.5-1 hour since larger portion of hydrocarbons or cyclic 
hydrocarbons along with higher HHV of bio-crude oil can be obtained. Besides, it seems the bio-
crude oils obtained with higher temperature can have products with lower boiling point, which 
require less upgrading work. Meanwhile, the nitrogen-containing compounds can be further 
degraded into valuable chemicals such as urea and distributed to aqueous stream for future 
application on algae or microorganism culture.  
 
4.6. NUTRIENT RECOVERY OF AW 
Since reaction temperature appears to play a more crucial role on liquefaction products 
yields, nutrients recoveries, such as carbon, nitrogen and energy, distributed in various streams 
with 1 hour retention time were reported and discussed. Figure 4.12 shows that the carbon and 
nitrogen recoveries in the bio-crude oil were firstly increased as the temperature increased and 
then decreased. This indicates the volatile components may be completely processed into bio-
crude oil via HTL at the range of 280-300 ˚C with 1 hour retention time. Regardless of the 
temperature change, the large portion of nitrogen recovery (NR) distributed in the aqueous 
products reveals that deamination, bringing about the nitrogen recovered by organic compounds 
with the presence of organic acids and amino acids, may successively take place in the 
hydrothermal condition (Dote et al., 1998). Meanwhile, the degradation of some amino acids 
may undergo at about 300˚C or even higher temperature (Olafsson & Bryan, 1970; Sato et al., 
2004). Therefore, the nitrogen contents distributed in the bio-crude oil at relatively high 
temperature may be slightly decreased. In contrast to other previous work applying microalgae or 
monoxenically-cultured algae as HTL feedstock (Anastasakis & Ross, 2011; Valdez et al., 2012; 
Yu, 2012), which can result in NR distributed into bio-crude oil about 25-70 %, this present 
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study appears to demonstrate the lowest NR distributed in the bio-crude oils (9.43 %). This may 
be that the considerable amount of calcium carbonate (about 16 % in dry matter of AW) may 
help capture nitrogen-containing compounds. For example, the calcium carbonate was found to 
be able to adsorb and co-precipitate proteins (Petrov et al., 2005; Sukhorukov et al., 2004). 
Another previous work also demonstrated that carbonate mud can adsorb organic carbon, 
nitrogen and phosphorous compounds (Suess, 1973). This feature also suggests that upgrading 
the bio-crude oils obtained in this work may require less work and it is feasible to exploit AW as 
HTL feedstock for bio-crude oil production. Given the perspective of energy recovery, it is found 
that the energy recovery were mostly attributed to bio-crude oil at 300 °C and to aqueous 
products at 320 °C, which again indicates that excessively high temperature may lead to 
degradation of bio-crude oils. The highest energy recovery of bio-crude oil was 47.6 % (300°C) 
while the highest energy recovery of solid residue and aqueous products was 30.2 % (260°C) and 
52.9 % (320 °C) respectively, inferring that searching an economical approach, such as the 
concept of E2-Energy, to recover and re-release the energy portion distributed in solid residues 
or aqueous products is necessary. 
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Figure 4.12 Effects of reaction temperature on (a) carbon recovery (b) nitrogen recovery 
and (c) energy recovery distributed in various liquefaction products with 1 hour retention 
time 
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CHAPTER 5. CO-LIQUEFACTION OF MIXED-CULTURED 
ALGAL BIOMASS FROM WASTEWATER TREATMENT 
SYSTEM (AW) WITH SWINE MANURE (SW)2 
This part of study aims to explore if the co-liquefaction with fresh swine manure can 
improve the bio-crude oil yields as well as the bio-crude oil quality generated from AW. Fresh 
swine manure was added into the AW with various ratios and then the combined feedstock is 
converted via HTL at 300 °C for 1 hour, based on the optimum condition from the previous 
discussion. The addition of SW may not only decrease the ash content of feedstock but also be 
able to enhance the reducing environment of HTL reaction since fresh swine manure could 
provide quantitative reducing agents (e.g. sulphite compounds) (Hernández & Rodríguez, 2013; 
Iannotti et al., 1978), which will help deoxygenation, decarboxylation, and dehydration process 
and thus improve the bio-crude oil quality. If it is proved that adding SW can enhance the bio-
crude oil yields or the bio-crude oil quality transformed from ash-rich algal biomass, the large 
scale E2-Energy system is expected to produce enough amounts of bio-energy products, which 
also present satisfactory quality, from bio-waste that can potentially substitute the fossil fuel in 
the future. 
To investigate the effect of the addition of SW on the liquefaction products yields 
transformed from AW, different ratios of SW were combined with AW and the feedstock 
combinations were converted into bio-crude oil via HTL at the temperature of 300°C for 1 hour 
                                                 
2
 This chapter is in preparation for submission to Bioresource Technology.  
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with 0.69 MPa initial pressure of nitrogen, which is the optimum condition from discussion in 
chapter 4. The liquefaction products distribution is summarized in figure 5.1. Liquefaction 
product yields obtained from pure AW were also listed for comparison. Notably, liquefaction 
product yields based on dry weight matter (d.w.) were applied herein, instead of dry volatile 
matter (V.M.). The calculation equations were used as our previous studies (Yu et al., 2011a).  
When AW co-liquefied with swine manure, it seems more solid residues were converted into 
aqueous products. No solid residue were found if it is calculated based on dry ash free matter, 
indicating the fixed solids contents were partly dissolved in aqueous product or bio-crude oil. A 
similar observation has been presented in Valdez’s work on converting Nannochloropsis into 
bio-crude oil (Valdez et al., 2012).  
 
Fig. 5.1 The Effect of feedstock combination ratios on yields of liquefaction products based 
on dry feedstock. Herein, “AW” represents mixed-cultured algal biomass from wastewater 
treatment system while “SW” represents swine manure and following these abbreviations 
comes to various ratios 
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The bio-crude oil yields are ranged from 22.0% to 39.2 % (d.w.). However, it is found 
that the bio-crude oil yields did not increase as SW increased. The bio-crude oil yields lightly 
decreased from 26.2% to 25.8% and 22.0% as the addition of SW increased from 25% to 50% 
respectively. Yet, when the addition of SW increased to 75%, the bio-crude oil yield was 
enhanced to 35.7%, which is about the prediction value by linearly considering the bio-crude oil 
yields of pure SW and pure AW. These results reveal that when the ash content is too high, the 
feedstock combinations were preferentially converted to aqueous and solid products, rather than 
to bio-crude oil. This also indicates that there may be antagonism between the feedstock of SW 
and AW. The ash content may have something to do with this antagonism--the ash content may 
obstruct the bio-crude oil formation. Meanwhile, figure 5.1 also displays that using one indicator 
(here we use the bio-crude oil yields obtained from pure feedstock) is not good enough to 
determine the bio-crude oil yield. A product yields prediction model regarding the major 
composition, such as lipids and proteins, of the raw material is strongly suggested.  
As figure 5.1 shows, the solid residue yields are ranged from 15.1% to 60.1 % in this case. 
It is worth noting that when 50% SW was added into AW, the solid residue yield was 
dramatically decreased from 50.3 % to 24.1%, which is lower than the expected solid residue 
yield based on those from pure SW and AW. Moreover, when the addition of SW was increased 
to 75%, the solid residue yield is still lower than the expectation values. This reveals that when 
the amount of SW increased, the liquefaction products prefer to be converted into aqueous 
products, instead of solid residue or bio-crude oil. This may be affected by the pH of the co-
liquefaction system. Previously, a high correlation between lignin and residue was observed 
(Demirbaş, 2000; Minowa et al., 1998). When AW co-liquefied with SW, the pH value of the 
whole system was changed. As the addition of SW was enhanced, the pH values decreased 
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(figure 5.2). This dilute acidic condition may facilitate the hydrolysis of hemicellulose and the 
disruption of lignin structure (Guo et al., 2013) following some water soluble products such as 
ketones and phenols. In addition, the esterification, generating alcohols and water as the products, 
may become more dominant in the co-liquefaction system because SW contains more crude fat. 
Therefore, feedstocks tended to transform into aqueous products, instead of solid residue, when 
the addition of SW grew. Meanwhile, the high ash content in the feedstock of AW may lead to 
form more aqueous products too. Since AW contains quite a few alkali agents such as calcium, 
sodium, potassium and iron, the structure of cellulose and lignin may be further hydrolyzed or 
removed (Guo et al., 2013). Hence, the original solid residues turned out to form more aqueous 
products. A similar observation was also illustrated in He’s previous work on converting swine 
manure into bio-crude oil with the addition of sodium carbonate (He et al., 2001).  
 
Figure 5.2 The effect of feedstock combination ratios on the pH of aqueous products gained 
at 300 °C with 1 hour retention time 
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yields have little to do with the compositions of feedstock. Similar results were discovered in the 
previous studies (Dong et al., 2009; Wang, 2011; Yin et al., 2010; Yu et al., 2011b). 
Alternatively, the gas product yields may have more to do with the reaction temperature in the 
hydrothermal process. Li’s work (Li et al., 2012) demonstrated that when the reaction 
temperature enhanced from 320˚C to 380˚C, the gas product yields were drastically increased. 
Table 5.1 displays the results of ultimate analysis, energy recovery, ash content, higher 
heating values (HHV) and other properties of bio-crude oils obtained from various combination 
ratios of SW and AW at 300 ˚C for 1 hour retention time. The properties of feedstock were also 
listed for comparison. Regardless of the combination ratios, the H/C atomic ratios of bio-crude 
oils are greater than the feedstock of AW but are slightly lower than the feedstock of SW. On the 
contrary, the O/C atomic ratios of bio-crude oils are all lower than the two types of feedstock. 
These results suggested that the high carbon contents of the bio-crude oils may bring about the 
low O/C atomic ratios while the addition of hydrogen atoms occurring during HTL may 
contribute to the high H/C atomic ratio, which also made the bio-crude oils in this case closer in 
nature to the heavy crude oils and more appropriate for future upgrading (Ross et al., 2010). 
Besides, it seems that there are no clear trends to describe how the ash content of bio-crude oils 
changed as the feedstock combination ratios adjusted. Yet, the toluene solubility was increased 
as the addition of swine manure was increased, revealing the ash content of the bio-crude oils 
may be influenced by the products distributions in the raw oil products. In other words, the 
product distributions such as volatile compounds and ash contents in the raw oil products may be 
uneven. Improvement on the recovery process is suggested to be considered in the future.
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Table 5.1 Ultimate analysis, heating value (HHV) and energy recovery of the bio-crude oil obtained at 300 °C for 1 hour 
retention time with various feedstock combination ratios 
 
a calcu  
 
 
 
 
   a calculated by difference 
   
Component (d.w.%) AW SW AW:SW=0:1 AW:SW=1:3 AW:SW=1:1 AW:SW=3:1 AW:SW=1:0 
C 27.9 41.1 55.9 53.8 56.2 43.0 43.1 
H 3.01 5.42 6.55 6.59 7.28 5.05 5.06 
N 3.90 3.36 3.32 3.22 3.34 2.68 2.77 
Oa 17.7 33.8 9.74 19.9 1.02 22.2 12.5 
H/C atomic ratio 1.29 1.58 1.41 1.47 1.55 1.41 1.41 
O/C atomic ratio 0.63 0.62 0.13 0.28 0.01 0.39 0.22 
Ash content 47.5 16.3 24.5 16.5 32.2 27.1 36.6 
Toluene Solubility  N/A N/A 72.6 71.8 63.3 55.0 35.5 
Heating value (MJ/kg 
bio-crude oil) 10.4 16.8 22.1 24.1 27.4 18.1 18.9 
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 The increase of hydrogen contents along with the decrease of nitrogen contents in the 
bio-crude oils may be contributed by the protein hydrolysis. Through protein hydrolysis, 
decarboxylation and deamination could be the two major pathways of amino acids 
decomposition under hydrothermal process (Sato et al., 2004). The deamination may remove 
nitrogen and hydrogen from the amino acids and produce hydroxyl acid. The hydrogen generated 
through deamination may be distributed to the bio-crude oils while the nitrogen contents may 
distributed to the aqueous products or bio-crude oils. Similar findings were observed in the cases 
of converting low-lipid microalgae, brown macro-alga, and cattle manure into bio-crude oils via 
HTL (Anastasakis & Ross, 2011; Yin et al., 2010; Yu et al., 2011c).  
It is noteworthy that the bio-crude oil transformed from 50% AW plus 50% SW appears 
to have the closet properties to the heavy crude oils. The bio-crude oils converted from 50% AW 
plus 50% SW have the highest H/C and the lowest O/C atomic ratio among the five bio-crude 
oils in this case. Yet, when the addition of swine manure is more than 50%, the carbon, hydrogen 
and nitrogen contents as well as the H/C atomic ratios kept relatively constant. The above 
observation reveals that the 50% addition of SW may be enough to improve the quality of bio-
crude oils in terms of C, H, N and O contents. Additionally, it is also confirmed the inference 
that the high ash content may obstruct the bio-crude oil formation.  
  Although this study did not perform any analysis regarding physical properties such as 
viscosity of the bio-crude oils, it seems that the viscosity of the bio-crude oils transformed from 
75% SW plus 25% AW was greatly decreased, compared to those converted from pure swine 
manure, by observing the appearance of these two bio-crude oils. It is suggested that the addition 
of the AW may help decrease the high viscosity issue of those bio-crude oils obtained from pure 
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swine manure since AW may contain some alkali salts such as sodium, potassium and calcium, 
which may act as catalysts for hydrolysis of cellulose and hemicelluloses (Guo et al., 2013). 
The higher heating values (HHV) of the bio-crude oils are ranged from 18.06 to 27.35 
MJ/kg. It is also found that when the addition of SW is more than 50%, the higher heating values 
were enhanced. Nevertheless, when the ash content of the feedstock is too high, the higher 
heating values are decreased, which also displayed that high ash content may spoil the quality of 
bio-crude oil. Consequently, the addition of at least 50% SW into the AW is suggested to 
enhance the energy density of the bio-crude oils converted from pure AW via HTL. Bio-crude oil 
generated from 50% AW plus 50% SW has the highest HHV, which is mainly contributed by the 
high carbon and low oxygen contents. This result refers to that there may be some remaining 
energy in the solid residue products. The recovery and application of the solid residue may also 
play a crucial role to accomplish a sustainable and environmental-enhancing system in the near 
future (Anastasakis & Ross, 2011; Yu et al., 2011c). Yet, the HHVs obtained in this work are 
still slightly lower than several similar works about converting alga biomass into bio-crude oil 
via HTL (Anastasakis & Ross, 2011; Yu et al., 2011b). Improvement regarding the pretreatment 
step or the recovery process is suggested to be considered in the future.  
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CHAPTER 6. CONCLUSION AND RECOMMENDATIONS 
6.1. CONCLUSION 
This study demonstrated the high feasibility of using mixed-cultured algal biomass from 
wastewater treatment system (AW), which was directly harvested from wastewater environemtns 
and containing various algae species along with bacteria, as a potential HTL feedstock. 
Compared to the bio-crude oil converted from pure algae, the highest bio-crude oil yield (about 
49 %, based on volatile matter) gained in this work was better while the highest HHV (about 30 
MJ/kg) and the carbon content in the biocurde oil were less rich. Yet, there was only about 17 % 
of nitrogen recovery (NR) in the bio-crude oil obtained with 320 ˚C, demonstrating high reaction 
temperature may help degrade the nitrogen compounds into aqueous products and this type of 
algal feedstock can result in less upgrading work for further application on the bio-crude oil. 
Also, the NR distributed into bio-crude oil appears to be the lowest one in the present work, 
compared to several similar works which can lead to 25-70% NR to bio-crude oil, so far as we 
know. The TGA results showed that the bio-crude oil could be used for jet fuel or lubricant oil 
while the solid residue may be exploited as asphalt or roofing materials, which also reveals that 
the possible goal products can be not only heavy crude but also include some paraffins or light 
oils. A delicate reaction mechanism concerning both temperature effect and kinetic factor was 
built based on the GC-MS results of bio-crude oil and aqueous products. By unmasking the 
major reaction pathways and possible corresponding interaction between various bio-molecules, 
it is potential to predict and fine tune the final products in the future without any HTL tests. 
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However, the TGA results suggested that GC-MS may only detect about 35 % of compounds in 
the bio-crude oils by average due to the limitation of GC oven. Further analysis work may be 
called to uncover more information about those components with high boiling points.  
Adding appropriate amount of swine manure (SW) into AW may improve the bio-crude 
oils in terms of bio-crude oil yields, H/C and O/C atomic ratio and higher heating values of bio-
crude oil. Using 75% SW plus 25% AW as HTL feedstock could generate the highest bio-crude 
oil yield while 50% SW plus 50% AW can enhance the higher heating values of bio-crude oil by 
about 9 MJ/kg. 
 
6.2. RECOMMENDATION 
6.2.1. IMPROVEMENT ON EXTRACTION METHOD OF RAW-OIL 
 Both TG analysis and derivatization treatment indicates that the extraction approach 
applied in this work was not suitable for the bio-crude oils gained from AW. Different polar 
solvents were suggested to be used in the future to improve the separation efficiency. Previously, 
Professor Savage’s group also found out that bio-crude oils extracted with polar solvents such as 
chloroform may have higher carbon content than those treated with non-polar solvents (Valdez et 
al., 2011).  
 
6.2.2. ENHANCEMENT ON HHV OF BIO-CRUDE OILS  
It seems the bio-crude oils produced from AW or the combinations of AW plus SW have 
lower HHV than those from pure-cultured algae. This may be due to that AW contains less 
nutrition for further thermochemical conversion. Meanwhile, AW usually consists of 
considerable amount of ash content, compared to the monoxenically-cultured algae. Some 
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pretreatment, such as screening or centrifugation, aiming to remove the ash contents may be 
attempted in the near future. Another suggestion is to operate a 2-step HTL, including a HTL test 
processing at lower temperature following another catalytic upgrading HTL reaction occurring at 
higher temperature.  In this case, the ash content may be removed prior to the catalytic upgrading 
and the bio-crude oil compounds can be further cracked as well. For example, research groups 
from Sapphire Energy found that with a thermal treatment of crude algae oils prepared by HTL, 
the oxygen and metals from crude algae oils were greatly reduced without any catalysts or 
hydrogen (Roussis et al., 2012). Meanwhile, the total acidity of the oil was decreased while the 
volatile matter was increased. Another research group from Auburn University also found that a 
two-step HTL, including one HTL processing with acidic subcritical water followed by another 
HTL reaction under alkaline supercritical water, could enhance the bio-crude oil yield converted 
from switchgrass from 10% to 40% (d.w.) (Karagöz et al., 2003; Ramsurn & Gupta, 2012).  
 
6.2.3. FURTHER CHARACTERIZATION REGRADING LARGE MOLECULES 
Although derivatization treatment was attempted in this work, it seems that not too much 
compounds were detected. Thus, characterization approaches aiming to analyze large compounds 
are suggested. NMR (nuclear magnetic resonance) and FT-IR (Fourier transform infrared 
spectroscopy) may be two good choices. Not like GC-MS, both NMR and FT-IR can only 
provide information about functional groups, instead of exact compounds. NMR can perform 
semi-quantitative analysis whereas FT-IR merely can operate qualitative results. Yet, the sample 
preparation requirement for FT-IR is simpler than that for NMR. Therefore, it is suggested to 
first analyze a series of bio-crude oils gained at different temperature with same retention time 
with FT-IR (because reaction temperature appeared to be a more significant factor than retention 
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time during a HTL process). If the FT-IR results appear to be reasonable, NMR analysis are then 
applied to several bio-crude oil samples to obtain semi-quantitative data. However, since the bio-
crude oils produced from HTL process with real feedstocks are usually extremely complex, 
separation treatments such as fraction extraction and size-exclusion chromatography (SEC) are 
recommended to be applied to bio-crude oils prior to NMR analysis.  
Additionally, MALDI-MS or LC-MS may be applied to the feedstocks to know more 
information about proteins.  
 
6.2.4. SEPARATION OF BIO-CRUDE OILS BASED ON BOILING POINT OR SIZE 
WEIGHT OF MOLECULES 
Through TG analysis and GC-MS results, it is noticed that bio-crude oils produced via 
HTL are usually very complicate, no matter mixed biomass or pure biomass were used. In this 
case, the application of these bio-crude oils is limited. Furthermore, the upgrading of these bio-
crude oils may be difficult too. Therefore, simple fraction extraction or SEC is recommended to 
directly treat with raw oil. By separating the raw oil compounds either by boiling point or 
molecular weight, the raw oil can be purified and further upgrading or extraction process may be 
more efficient. Besides, if the catalysts are treated with fraction of bio-crude oil rather than 
whole bio-crude oil, the effect of catalysts may be more apparent on improving bio-crude oil 
quality 
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6.2.5. COMPARISON WITH OTHER MIXED-CULTURED ALGAL BIOMASS 
HARVESTED FROM DIFFERENT WASTEWATER TREATMENT UNIT 
Most of the similar studies typically focus on one specific feedstock at one time and HTL 
parameters were then adjusted for that specific feedstock. The relationship between the 
composition of feedstock and the bio-crude oil yields as well as its quality was seldom touched. 
HTL process therefore appears as a black box and this process still cannot be accurately 
controlled.  Thus, it is worth to explore the relationship between the composition of algal-based 
feedstocks and bio-crude oil yield as well as its quality.  
To further promote the idea of Environmental-Enhancing Energy (E2-Energy), mixed-
cultured algal biomass, harvested from different sections of sewage plant including secondary 
treatment pond, ternary treatment tower (denitrification tower) and final flow, will be converted 
via HTL at 300 °C for 1 hour, based on the optimum condition obtained from our previous work 
(Wan-Ting Chen, 2012). The compositions of different types of mixed-cultured algal biomass 
will be carefully examined and these algal feedstocks can be grouped by principle components 
analysis. AIC factors for the relationships between the composition of feedstocks and bio-crude 
oil yields, higher heating value of bio-crude oils, major category of oil compounds and fraction 
of oil with lower boiling point (<550 °C) will be calculated respectively. The significant 
compositions will be selected based on the AIC criterion.    
 
6.2.6. PRETREATMENT OF FEEDSTOCK 
Since AW contains considerable amount of ash, a screen pretreatment may be attempted 
to reduce the high ash content in feedstock. By screening, some large particles such as snail shell 
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and leaf residue, which cannot be converted into bio-crude oil, can be removed and the bio-crude 
oil yields or bio-crude oil quality can hence be enhanced.  
In addition, strong alkaline such as NaOH or KOH may be used to decompose proteins in 
the feedstocks before the HTL conversion is operated. Bio-crude oil transformed from algae 
usually has too much nitrogen content, which is not good for further application. If the 
pretreatment can decrease the nitrogen content in the algal biomass prior to HTL conversion, it is 
possible to produce bio-crude oil with low nitrogen content. However, this pretreatment may also 
lead to the reduction of HHV of bio-crude oils.  
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APPENDIX A 
CULTIVATION SYSTEM FOR THE ALGAL BIOMASS 
 
 
Figure A Algae wheel culture system used in this work 
Swine manure were collected and 
stored in the tanks.  
2 sets of algae wheel systems were built to 
culture the algae in wastewater. 
Swine manure flew into the algae wheel 
system to culture algae. 
As the algae grew, the waste water 
including swine manure, food waste and 
post-HTL aqueous products, can be 
treated with the wheel systems. 
 100 ML BATCH REACTOR
Figure 
 
 
  
83 
 
 
 
APPENDIX B 
S  
 
 
B 100 ml small batch reactors 
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APPENDIX C 
A TYPICAL TEMPERATURE INCREASE/DECREASE 
PROFILE OF 100 ML BATCH REACTORS 
 
 
Figure C Temperature increase/decrease profile for a HTL reaction at 300 °C for 1 hour 
with 100 ml batch reactors 
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APPENDIX D 
 FROM MIXED-CULTURED ALGAL 
TER TREATMENT SYSTEM
 
 Bio-crude oil (refined oil)
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APPENDIX E 
GC-MS RESULTS WITH DERIVATIZATION TREATMENT 
 
Table A Chemical compounds found in the bio-crude oil obtained at 300 ˚C with 1 hour 
after derivatization treatment  
 
Characterized compounds Possible bimolecular source  
1,2,3-trihydroxybenzene Lignocellulose 
Heptadecanoic acid derivatives Lipids 
Eicosanoic acid derivatives Lipids 
Glycerol derivatives Lipids 
2,4,6-Tri-tert-butylbenzenethiol Lignocellulose or proteins 
2-Methylsuccinic acid Proteins 
2-Propenoic acid, 3-phenyl Lignocellulose or proteins 
Phenol derivatives Lignocellulose (Lignin) 
3-Hydroxy-6-methylpyridine Lignocellulose and proteins 
3-Indole Propionic acid Proteins 
5-a-Cholestan-3-ol derivatives Plant sterols 
9-Hexadecenoic acid Lipid 
9-Tetradecenoic acid Lipid 
Acetovanillone Lignocellulose (Lignin) 
Adipic acid Lipid 
a-Tocopherol Algae cell membrane 
Azelaic acid Lipid 
Benzoic acid derivatives Lignocellulose 
Oleic acid derivatives Lipid 
Campesterol Plant sterols 
b-Sitosterol Plant sterols 
Butanoic acid derivatives Lipid or Proteins 
Decanoic acid Lipid 
Docosanoic acid derivatives Lipid 
Fructose Lignocellulose (Hemicellulose) 
Fumaric acid Proteins 
Glucose Lignocellulose (Hemicellulose) 
Glutaric acid derivatives Proteins 
Hexacosanoic acid derivatives Lipid 
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Table A (cont.)  
Characterized compounds Possible bimolecular source  
Hexanoic acid derivatives Lipid 
Hydrocaffeic acid Lignocellulose 
Hydroquinone Lignocellulose (phenol) 
Hydroxylamine Proteins 
Lactic acid Lignocellulose or Proteins 
n-Butylamine Proteins 
N-carboxyglycine Proteins 
Nonanoic acid Lipid 
Octacosanoic acid derivatives Lipid 
Oleamide Lipid and Proteins 
Oleanolic acid Lignocellulose 
Palmitic acid Lipid 
p-Coumaric acid Lignocellulose (Lignin) 
Pentacosacnoic acid Lipid 
Pentadecanenitrile Lipid and Proteins 
Pentadecanoic acid derivatives Lipid 
Phosphoric acid Lipid 
p-hydroxybenzaldehyde derivatives Lignocellulose (Lignin) 
Protocatechuic acid Lignocelullose 
Pyroglutamic acid Proteins 
Pyrophosphate Lipid 
Pyrrole-2-carboxylic acid Proteins 
Pyruvate derivatives Lignocellulose or Protein or Lipid 
Squalene Lipid 
Stearic acid Lipid 
Sucrose Lignocellulose 
Talose Lignocellulose 
Tetracosanoic acid derivatives Lipid 
Thymine Proteins 
Triacontanoic acid Lipid 
Tricosanoic acid Lipid 
Tridecanoic acid Lipid 
Tyramine Proteins 
Uracil Nucleic acid 
Urea Proteins 
Ursolic acid Lignocellulose 
  
 
 
 
